Abstract-Psychophysicists use spatial or temporal two-alternative forced-choice (2AFC) paradigms interchangeably. Thus, experiments with the same general goal are carried out using one or the other paradigm by distinct or even the same research groups. For example, this situation has occurred both in studies on visual sensitivity in dyslexia and in studies on lateral interactions in peripheral vision. Conflicting results in either field (e.g. whether or not dyslexics have a visual deficit and whether or not peripheral detection is facilitated by the presence of flankers) appear to be resolved on the surmise that spatial and temporal 2AFC paradigms indeed produce different results. We designed experiments in which peripheral detection thresholds for Gabor patches (in the presence or absence of suprathreshold flankers) could be measured using completely equivalent spatial and temporal 2AFC paradigms so that any resultant difference can be unequivocally attributed to the effect of the paradigms themselves. The results showed that spatial 2AFC renders significantly lower sensitivity than temporal 2AFC when the target is presented along with suprathreshold flankers, but about the same sensitivity as temporal 2AFC when the target is presented alone. In the end, this resulted in statistically significant facilitation in peripheral vision only when measured with temporal 2AFC. Separate experiments at each of several peripheral locations revealed that the presence and magnitude of this effect varies not only with psychophysical paradigm but also with retinal locus.
INTRODUCTION
Hypotheses in vision research are usually tested with data reflecting the crosscondition stimulus levels at which visual performance reaches some fixed criterion.
A simple case is the measurement of contrast thresholds as a function of spatial or temporal frequency, where threshold is usually defined as the contrast at which the probability of seeing the stimulus is 0.5 and, hence, at which the probability is 0.75 of choosing the one alternative that actually displayed the stimulus in a two-alternative forced-choice (2AFC) paradigm. A psychometric function captures the underlying characteristic that visual performance expressed as probability of success in a task increases monotonically with stimulus level, which allows threshold measurement to be addressed with any of the statistical methods that were designed for the estimation of percent points on a response function.
Threshold estimation is ubiquitous in vision research and numerous psychophysical methods have been proposed to carry out that task (for reviews, see Leek, 2001; Treutwein, 1995) . The quest for efficient psychophysical methods contrasts with the lingering use of methods that are known to be defective. For instance, García-Pérez (1998) showed that common settings for up-down staircases render biased estimators and that simple alterations of the setup solve these problems; yet, a look at the methods section of papers published during the last few years reveals that psychophysicists still use the flawed settings. Another case in point is Wichmann and Hill's (2001) demonstration that maintaining a fixed upper asymptote when fitting a psychometric function may bias slope estimates, a problem that can easily be circumvented by letting the asymptote be a free parameter. Again, a look at the methods section in papers submitted well after Wichmann and Hill's (2001) results were published reveals that asymptotes continue to be treated as fixed instead of free parameters. Provided that flaws such as those just discussed are avoided, several psychophysical methods could in principle be used to obtain an estimate of a given percent point on a psychometric function. In these conditions, the choice of method will not alter the results or bias the conclusions.
Alongside the choice of a dependable psychophysical method, psychophysicists must also make a choice as to their psychophysical paradigm. The quickest ones, namely, adjustment and yes-no paradigms, are not deemed dependable in research settings and most researchers thus use a 2AFC paradigm that can still come in either spatial or temporal forms. In spatial 2AFC the target stimulus appears in one of two possible spatial locations during a single presentation interval; in temporal 2AFC the target appears usually at a fixed spatial location but in one of two consecutive temporal intervals. Arguments can be raised in favor and against the use of each of these paradigms with short presentation durations. For instance, spatial 2AFC could initially be preferred because it makes the experiment run at least twice as fast: There is only one presentation period in spatial 2AFC, compared to two periods plus an interleaved gap in temporal 2AFC. The drawback is that spatial 2AFC is naturally incompatible with co-spatial stimulus presentations, brings complications arising from visual inhomogeneity as well as the spatial inhomogeneity of display monitors (see García-Pérez and Peli, 2001; Metha et al., 1993) , and seems to demand that subjects split attention between two peripheral locations while maintaining fixation elsewhere. Although temporal 2AFC will be free of all these problems insofar as the two temporal presentations are spatially coincident, it demands that the subject keeps in memory the stimulus that was presented in the first interval to compare it with the one presented in the second (e.g. consider a discrimination task in which the subject has to indicate which stimulus is, say, higher in contrast). Some experiments cannot be carried out except in either spatial or temporal form but, if the conditions leave room for a choice, one would expect that the choice between spatial and temporal paradigms does not affect the results. Yet, it seems that results obtained with either paradigm differ non-trivially, as discussed next. Peli and García-Pérez (1997) reported that one conspicuous difference between the sets of studies that had and had not found differences in contrast sensitivity between dyslexics and normals lay in the psychophysical paradigm that had been used. Specifically, dyslexics showed about the same sensitivity as normals when adjustment or yes-no paradigms had been used, but they showed less sensitivity under temporal 2AFC paradigms. This observation was later confirmed empirically by Ben-Yehudah et al. (2001) . Peli and García-Pérez (1997) argued that dyslexics have been shown to have difficulties establishing temporal order and making sequential comparisons (Corkin, 1974; Eden et al., 1995; May et al., 1988) and, hence, they may make more errors than normals in a temporal paradigm. Peli and García-Pérez (1997; see also Stuart et al., 2001) further showed that high error rates over the course of adaptive staircases masquerade as reduced sensitivity.
Although the apparent visual deficit of dyslexics might thus be regarded as a rare artifact arising from the use of an unsuitable paradigm, there is evidence that spatial and temporal paradigms also produce differences with normal observers. For instance, detection of a peripheral Gabor patch has been found to be facilitated by the presence of suprathreshold flankers in some studies (Polat and Sagi, 1994a) , whereas no effect of flanker presence has been found in other studies (Williams and Hess, 1998; Zenger-Landolt and Koch, 2001) . Giorgi et al. (2004) established that a conspicuous difference between the studies that had and had not found facilitation lay also in the use of a spatial or a temporal 2AFC paradigm, and they reported the results of an experiment in which the same observers showed statistically significant facilitation in temporal but not in spatial 2AFC.
These results raise two interesting questions. One is whether spatial and temporal 2AFC consistently yield different estimates regardless of the particular stimulus and experimental conditions, and this is the question that we examine. The second question, namely, which of the paradigms (if any) portrays the actual threshold, is more relevant but also more difficult to address, and it may well be that the attentional and memory load that spatial versus temporal paradigms demand make each of them unsuitable for addressing distinct subsets of research topics. In any case, the reasons that this second question escapes examination are that (1) empirically, we cannot collect dependable data that would allow a comparison with 'true threshold' because all of our measured thresholds are suspect in these conditions and (2) formally, simulations cannot be carried out to address the issue in the absence of dependable and detailed quantitative knowledge of the particular effects of attention and memory (in spatial versus temporal presentations) on visual performance. Yet, the issue may be irrelevant from a practical point of view as long as thresholds obtained in spatial versus temporal paradigms keep a constant relation to each other and results obtained with spatial versus temporal paradigms in the same or different studies are not compared except to arrive at conclusions regarding differences in the outcomes of each paradigm. Since observing the latter admonition is entirely in the hands of practicing psychophysicists, the work reported in this paper set out to document the relation between thresholds obtained in identical conditions except for the spatial versus temporal arrangement of the 2AFC paradigm.
In brief, contrast detection thresholds were determined for stimulus conditions designed so as to be compatible with spatial and temporal paradigms. In the spatial paradigm the target stimulus appeared in one of two peripheral locations while the subject was fixating a cross on the center of the display. Because testing at these two peripheral locations might rightly render different thresholds owing to visual or display inhomogeneities, the threshold at each location was separately determined. Two temporal paradigms were also instated. In each, the stimulus always appeared at the same spatial location but in only one of the two temporal intervals. The two temporal paradigms differed only as to the location where the target was presented (which was one of the two locations involved in the spatial paradigm) and the two temporal paradigms ran in separate blocks of trials to prevent the temporal decision task from imposing also spatial uncertainty (as occurs in the mixed spatial and temporal paradigm of Solomon and Morgan, 2003) . In the end, this design provided threshold estimates from spatial and temporal paradigms for the same stimuli at each of two locations in the visual field. With this design, threshold differences beyond random error reflect differential effects of the paradigms themselves. Because differences in the outcomes of spatial and temporal paradigms have been reported in studies of lateral interactions (Giorgi et al., 2004) , our design included all the necessary conditions in this context. This allowed us to determine whether spatial and temporal paradigms render different thresholds and whether this is so regardless of stimulus complexity (i.e. target alone versus target plus flankers).
Three analogous experiments were carried out that differed only as to the position in the visual field of the two spatial locations involved, each of which was in all cases 4 deg away from fixation (see Fig. 1 ). In Experiment 1 (Fig. 1a) , the positions were located in opposite directions along the horizontal meridian, thus representing the most distant locations that can be defined with the constraint that each of them is 4 deg away from the fovea. In Experiment 2 (Fig. 1b) , the two positions were in the upper visual field, each orthogonal to the radius from fixation and 45 deg above horizontal, representing the closest locations that can be defined with the additional constraints imposed by the presence and size of flankers. In Experiment 3 (Fig. 1c) , the two positions resulted from a mere 90-deg clockwise rotation around the fixation point, thus representing the same inter-location distance as in Experiment 2 but now involving only the right hemifield. This set of experiments allowed us to explore The target is shown in one of the possible spatial locations with maximum contrast and surrounded by 40%-contrast flankers (inaccurately portrayed in this nonlinear luminance rendition); the empty space between flankers in the other spatial location indicates where the target might be presented on other trials. The data that we are using for our comparisons of spatial and temporal paradigms comes from conditions in which the target was co-oriented with the flankers at the location where it was presented, which implies that target orientation covaried with spatial location in the configurations of Experiments 2 and 3. Sessions without flankers used the same target spatial locations and orientations indicated here. Temporal paradigms presented target and flankers in only one of the spatial locations shown here. The size of the fixation cross and the image area in this representation do not reflect those in the actual experiments. Gabor patches and distances between them within each configuration are drawn to size but the configurations are located here 2 deg away from the fixation cross instead of the 4 deg used in the actual experiments.
whether differences in the outcomes of spatial and temporal paradigms vary with stimulus complexity, with the distance between the two spatial locations, and with the involvement of one or two cerebral hemispheres.
METHOD

Apparatus and stimuli
All experiments were under computer control by a PC equipped with VisionWorks (Swift et al., 1997) . Stimuli were displayed on an EIZO Flex-Scan FX·E7 color monitor with a spatial resolution of 1024 × 600 pixels (horizontal × vertical), a luminance resolution of 2 15 gray levels, and a frame rate of 122.7 Hz. The image area on the monitor spanned 40 cm horizontally and 23.4 cm vertically, which subtended 22.8 × 13.4 deg at a distance of 1 m. The voltage-to-luminance nonlinearity was compensated for via look-up tables arising from a calibration procedure that rendered a correlation of 0.9997 between actual and nominal luminance.
The temporal course of stimulus presentation was basically a rectangular pulse of 90 ms (11 video frames) but this period was preceded and followed by a single frame at half the nominal contrast to mitigate transients. The total presentation duration was thus 107 ms (13 frames).
In Experiment 1, the target stimulus was a Gabor patch with a vertical carrier of 4 c/deg and a circular Gaussian envelope with a standard deviation of 0.18 deg (resulting in half-amplitude spatial-frequency and orientation bandwidths of 0.769 octaves and 30.2 deg, respectively). The stimulus was represented internally with 22.4 pixels per cycle of the carrier and was displayed with a mean luminance of 54 cd/m 2 that blended in with a uniform 54-cd/m 2 background covering the entire image area. The center of the monitor displayed a small cross (arm length × width: 0.11 × 0.03 deg; luminance: 88 cd/m 2 ) that the subjects fixated throughout the experiment. The target stimulus always appeared with its center 4 deg either to the right or to the left of the fixation cross.
In separate blocks within Experiment 1, the stimulus field either consisted of the target just described or included also two flanking Gabor patches of the same frequency, orientation, and size but with a fixed suprathreshold Michelson contrast of 0.4, which were located above and below the target and 1 deg (i.e. four wavelengths) away from it (see Fig. 1a ). In blocks with flankers, these were present in each of the spatial or temporal intervals, as appropriate. Simultaneous presence of the flankers at a fixed contrast requires that some slots in the 255-entry display look-up table be reserved for these patches. Thus, the flankers were displayed with a total of 127 fixed gray levels whereas the target stimulus was also displayed with 127 gray levels that were drawn from a palette of 2 15 levels to render the contrast required for the trial. To avoid differences in these respects between blocks with and without flankers, in the latter the target stimulus was also displayed with 127 gray levels only. For our comparison of the outcomes of spatial and temporal paradigms, we used this type of configuration in which the orientation of the target matched the orientation of the flankers at the location where the target was presented, and we will refer to them as co-oriented conditions.
The stimulus configuration in Experiments 2 and 3 differed from that in Experiment 1 only as to the location and orientation of the target and flankers (see Figs 1b  and 1c) . The peripheral locations for target presentation in experiment 2 lay along ±45 deg meridia relative to upper vertical. In Experiment 3, the relative distance between the two spatial locations where the target might appear remained as in Experiment 2, but the entire configuration was rigidly rotated 90 deg clockwise around the fixation point so as to fall only on the right visual hemifield. For the spatial paradigm in Experiments 2 and 3, our software forced us to gather additional data for configurations in which the target was orthogonal to the flankers, and we will refer to these as cross-oriented conditions, but we did not use these data in our comparison of paradigms. In particular, in spatial 2AFC, the targets displayed on one of the spatial locations in Figs 1b and 1c were presented on the other location with the same exact orientation and, therefore, the target was co-oriented with the flankers on one location but cross-oriented with them on the other. To measure thresholds at each location with co-oriented targets, we had to implement two separate spatial sessions only differing as to the orientation of the target, as described in Section 2.2. Temporal sessions could be set up on each spatial location using co-oriented targets and flankers.
Procedure
The monitor was allowed to warm up for no less than half an hour before any session started. Binocular viewing with natural accommodation and pupils was used. Subjects sat 2 m away (1 m away in Experiments 2 and 3) from the display and their head was not restrained although they were asked to maintain a fixed viewing distance throughout the experiment. The room was dark except for the light from the display monitor. The background luminance and the fixation cross were present throughout the experimental session.
Data were collected with an adaptive method of constant stimuli governed by 1-up/1-down staircases with steps down of 0.2 log units and steps up of 0.4 log units. This up-down rule, with steps up that double the size of the steps down, places stimulus levels around the region where the probability of a correct response is 0.67 (Kaernbach, 1991) , but the average-of-reversals estimator is unreliable with these settings (García-Pérez, 1998) . Hence, data from all repeat sessions (see below) of a given condition were pooled and binned by contrast level to obtain percentages of correct responses that were then used to fit a psychometric function (see Section 2.3 below). Setting out to estimate the entire and not only the detection threshold allowed us to explore more thoroughly the differences in visual performance that may come from spatial versus temporal paradigms. As recommended by García-Pérez and Alcalá-Quintana (2004), two separate staircases were interwoven in each block which differed only by 0.1 log units in their starting points (−0.6 versus −0.5 log contrast), that is, half the base step size of 0.2 log units that was used in each staircase. Concerns have been raised about the capability of certain types of adaptive procedure to deploy trials over the broad range of stimulus levels that ought to be sampled to obtain dependable estimates of all the parameters of a psychometric function (see, e.g., García-Pérez and Alcalá-Quintana, 2004; Klein, 2001) . The procedure that we have used is free of these problems (as will be evident by inspection of Figs 2 and B1).
Staircases under the temporal paradigm were set up to run until 50 reversals had been completed; staircases under the spatial paradigm were set up to complete 100 reversals. The reason for a larger length of the latter staircases is that trials from them had to be separated into two subsets (those in which the target had appeared on one location and those in which it had been presented on the other) to fit a psychometric function separately at each location. The increased number of reversals was not accompanied by an increase in duration compared to the temporal staircases because each spatial trial consumes less than half the time of a temporal trial.
A spatial trial consisted of a 107-ms presentation period signaled by a beep and in which the target appeared either at location A or at location B, newly decided at random with equiprobability on each trial. A temporal trial consisted of two 107-ms co-spatial presentations (either on location A or on B, invariant within a block) in only one of which was the target displayed, again newly decided with equiprobability on each trial. The two temporal intervals were marked by beeps of different pitch and separated by a gap of 820 ms (100 frames). In either case the subject's task was to indicate by a key press the location (in spatial 2AFC) or interval (in temporal 2AFC) in which the target had been presented, guessing at random when necessary. If subjects had missed a trial for whatever reason, they could use a third key to ask for the trial to be discarded and repeated (not necessarily immediately afterwards). The session was self-paced, as the next trial did not start until the subject had responded.
Each subject completed the full set of conditions of Experiment 1 in 12 sessions, four involving each of the three paradigms (spatial, temporal on location A, and temporal on location B). The four sessions of each type were mere repeats. A session consisted of two blocks of trials (one for the target alone and one for the target plus flankers), the length of each block being variable owing to the nature of the up-down staircases that were implemented. Each block consisted of two interwoven staircases covering interlaced lattices as described above. Spatial staircases set to finish after 100 reversals took between 175 and 246 trials to complete; temporal staircases set to finish after 50 reversals took between 85 and 135 trials to complete.
Experiments 2 and 3 were completed analogously except that the spatial paradigm required twice as many sessions. The reason for this is that the VisionWorks application that we used (called CSF; see Swift et al., 1997) does not allow altering the orientation of the target according to the location where it is to appear. Note in Fig. 1a that the requirement of co-orientation allows the target to be displayed with the same orientation (vertical) at either spatial location in Experiment 1, but the same requirements dictate that the orientation of the target be 90-deg offset at the two spatial locations for Experiments 2 and 3 (see Figs 1b and 1c). Hence, two analogous sets of spatial sessions were programmed that differed only in the orientation of the target, each of which was set as appropriate for co-orientation at one of the two spatial locations involved. Each subset of sessions thus provided the data that were relevant to estimate the psychometric function in co-oriented configurations at only one of the locations plus another set of data (at the location in which the target is cross-oriented with respect to the flankers) that was not relevant to the goals of the present study but that are nevertheless reported for completeness in Appendix A.
Data analysis
Data from each subject were analyzed separately. All responses (classified as correct or incorrect) bearing on each of the eight conditions in a given experiment (factorial combination of spatial versus temporal paradigm, location A versus location B, and target alone versus target plus flankers) were pooled and binned by contrast level, and a separate psychometric function was fitted to each data subset using a procedure described in Appendix B, thus yielding eight s per subject (see Fig. 2 ). Each fit is based on data from 400-500 trials across the four repeat sessions.
Data from temporal paradigms were fitted assuming a fixed guessing rate γ = 0.5, as is usual in 2AFC paradigms. Data from spatial paradigms had to be fitted with the guessing rate γ regarded as a free parameter. The reason for this does not lie in the paradigm being spatial but rather in that responses to stimuli presented at each of the alternative locations were segregated and fitted to each subset separately. Alcalá-Quintana and García-Pérez (2004b) have shown that response biases leading a subject to use one of the response keys more often than the other upon guessing at random have no effect on the shape or parameters of when stimulus presentation is randomized and data from both locations/intervals are used together (as we actually did in the temporal paradigms) but when the data are segregated by presentation location (whether spatial or temporal) and separately analyzed as we did in the spatial paradigms, each subset is differentially affected by this response bias. A propensity to respond A instead of B upon guessing at random increases the number of correct guesses on location A at the expense of those on location B. At the same time, the overall rate of correct guesses across locations will still be about 50% if presentation location has been appropriately randomized. Alcalá-Quintana and García-Pérez (2004b) showed that, when there is a response bias, the s for segregate presentation locations only differ in their guessing parameter γ in 2AFC detection tasks, and this is the reason that we allowed γ to be a free parameter when fitting in these cases. Even we were surprised at how much bias an experienced (but naïve) subject demonstrated in our study (see . To reflect comparable performance levels across conditions yielding different lower asymptotes, threshold θ must be defined as the point at which the probability of a correct response is halfway between the lower and upper asymptotes of .
These analyses thus provided three or four parameter estimates for in each condition: the spread σ (see García-Pérez, 1998) , the lapsing rate λ, and the threshold θ; for segregate data from spatial paradigms, the guessing rate γ was the fourth estimated parameter. Besides these summary parameters, the entire was also available for an inspection that could tell whether threshold differences are spurious or reflect clear differences between the underlying curves.
Quantitative comparisons of means across conditions (Sections 3.1, 3.2, 4.1, 4.2, 5.1, 5.2, and 5.4) were carried out using two-tailed matched-sample t-tests. Ninetyfive percent confidence intervals for means (Sections 3.3, 3.4, 4.3, and 5.3 and Appendix A) were computed through the method that is dual with the two-tailed one-sample t test, namely, adding to and subtracting from the sample mean the value of t n−1,0.975sx / √ n, where n is the size of the sample, t n−1,0.975 is the 97.5th quantile of a t distribution on n−1 degrees of freedom, ands x is the sample standard deviation.
Subjects
Four experienced psychophysical observers with normal or corrected-to-normal vision participated in the study. The first three subjects were authors and, thus, were aware of the design and goals of the study; the fourth subject was naïve in all these respects. Prior to their participation, all subjects read and signed an informed consent form that had been approved by the Institutional Review Board in accordance with NIH regulations. Figure 2 shows the results of Experiment 1 for each subject at each location under each paradigm and flanker condition. Within Figs 2a to 2d, the top and bottom rows respectively represent results for the spatial and temporal paradigms; the left and right columns represent results for the left and right visual hemifields. Open circles and dashed curves represent actual data and best-fitting for detection of the target alone; solid circles and solid curves reflect data and for detection in the presence of flankers. For clarity, the detection threshold in each condition has been indicated by a vertical line (dashed or solid, as appropriate) in each panel. The relative horizontal location of these vertical lines across and within panels is relevant to address three issues, because -if there were no difference between left and right visual fields, the location of each vertical line would be about the same in the two panels in each row; -if there were no difference between spatial and temporal paradigms, the location of each line would be about the same in the two panels in each column; -if the presence of flankers made no difference, solid and dashed vertical lines in each panel would lie at the same location; if flankers had a facilitatory effect on detection, the solid line would be on the left of the dashed line; and if the presence of flankers impaired detection, the solid line would be on the right of the dashed line. Each of these issues is addressed next, but first note that differences of 0.1 log units or larger in the location of solid and dashed vertical lines in each panel generally reflect observable differences in the entire location of the applicable psychometric functions, and that these psychometric functions, in turn, describe well the monotonically increasing pattern of the data (except, naturally, at the lower range of contrasts). Therefore, threshold differences of 0.1 log units or larger between the two conditions portrayed in each panel are not spurious. They are also similar to differences reported in extant studies on lateral interactions (Giorgi et al., 2004; Sagi, 1993, 1994a, b; Williams and Hess, 1998; Woods et al., 2002; Zenger-Landolt and Koch, 2001 ). Figure 3a summarizes the results presented in Fig. 2 in a way that is appropriate for assessing differences in thresholds between left and right hemifields. The pair of thresholds that define the coordinates of each data point involve the same subject and paradigm. The horizontal coordinate of a solid (alternatively, open) circle is the abscissa of the solid (alternatively, dashed) vertical line identifying threshold in the presence (alternatively, absence) of flankers in one of the left panels of Fig. 2 (i.e. thresholds in the left hemifield), whereas the vertical coordinate is the abscissa of the same line in the corresponding right panel (i.e. thresholds in the right hemifield). Were there no difference in threshold between hemifields, data points would lie along the diagonal identity line. This is indeed the case, although open circles (for target alone conditions) are tightly packed around the diagonal whereas solid circles (for target plus flanker conditions) are more broadly distributed around it. In neither case can a systematic deviation from the diagonal be observed. This is easily noted by inspection of the dashed and solid line segments drawn parallel to the diagonal. Each segment depicts the average difference between right-hemifield and left-hemifield thresholds from each subset of data (dashed line for open circles and solid line for solid circles), which amounts to 0.017 log units for the target alone conditions (open circles and dashed line) and −0.023 log units for the target plus flanker conditions (solid circles and solid line). Neither value is significantly different from zero at a 0.05 level (t 7 = 1.069 and −0.445, respectively). Figure 3b shows a different cross-section of the same data. Here the axes reflect spatial versus temporal paradigms and the pair of thresholds that define the coordinates of each data point involves the same subject and spatial location. Thus, the horizontal coordinate of a solid (alternatively, open) circle is the abscissa of the solid (alternatively, dashed) vertical line defining threshold in one of the top panels of Fig. 2 , whereas the vertical coordinate is the abscissa of the same line in the corresponding bottom panel. Again, accumulation of the data along the diagonal identity line would indicate that spatial and temporal paradigms render analogous thresholds. Quite on the contrary, all data points cluster noticeably below the diagonal, revealing that temporal paradigms render lower thresholds than spatial paradigms. In addition, the set of solid circles (for target plus flanker conditions) is farther apart from the diagonal than the set of open circles (for target alone conditions). This characteristic is clearly apparent by inspection of the dashed and solid line segments along the clusters of data points (and also in the raw data in Fig. 2) . Each segment depicts the average difference between temporalparadigm and spatial-paradigm thresholds for the corresponding subset of data, which amounts to −0.080 log units in the target alone conditions (open circles and dashed line) and −0.167 log units in the target plus flanker conditions (solid circles and solid line). Both values are significantly different from zero (t 7 = −3.999 and −3.958, respectively; p < 0.01). At the same time, the average difference in the target alone condition is also significantly different from the average difference in the target plus flanker condition (t 7 = −2.386; p < 0.05).
RESULTS OF EXPERIMENT 1
Differences between left and right hemifields
Differences between spatial and temporal paradigms
In other words, although thresholds obtained with a temporal paradigm are generally lower than those obtained with a spatial paradigm, the magnitude of the reduction varies with stimulus complexity and is larger in the presence of flankers. This differential effect of 2AFC paradigm on detection thresholds in the target plus flanker condition is likely to affect conclusions regarding facilitation or impairment of target detection in the presence of flankers, as discussed next. Figure 3c shows how the results described thus far regarding separate thresholds combine to yield a relative measure of threshold elevation in the presence of flankers, where threshold elevation is defined as the difference between the log detection threshold for the target in the presence of flankers and the log detection threshold for the target alone. If threshold elevation is positive, the presence of flankers impairs (masks) detection; if negative, the presence of flankers facilitates detection. The horizontal and vertical dimensions in Fig. 3c respectively represent threshold elevation in spatial and temporal paradigms. The horizontal coordinate of a solid (alternatively, open) square is the algebraic difference between the abscissae of solid and dashed vertical lines in the top right (alternatively, top left) panels of Fig. 2 , and the vertical coordinate is the corresponding difference in the bottom right (alternatively, bottom left) panel. Most data points lie in the third quadrant (negative threshold elevation in both paradigms), indicating that the target is generally more easily detected in the presence of flankers than when alone; at the same time, most data points also lie below the diagonal identity line, indicating that there is more evidence of facilitation (or less evidence of impairment) with temporal paradigms than with spatial paradigms.
Effect of the presence of flankers
Over the top and on the right outside the frame of Fig. 3c , open and solid squares and error bars through them respectively indicate the means and 95% confidence intervals for threshold elevation from the spatial and temporal paradigms at each spatial location. Perhaps due to considerable individual differences, the spatial paradigm does not render statistically significant threshold elevation at any location: All applicable confidence intervals depicted at the top of Fig. 3c cross zero threshold elevation. Conversely, the temporal paradigm yields statistically significant facilitation on the right hemifield but not on the left (see the applicable confidence intervals on the right of Fig. 3c ).
Data pooled across spatial locations
One reason to analyze separately the data from each of the two locations involved in the spatial paradigm is that each location might rightly yield a different threshold owing to visual inhomogeneity or to the spatial inhomogeneity of the display monitor. This type of analysis has not generally been carried out in the past (an exception is Tailby et al., 2001) . For instance, Williams and Hess (1998) , ZengerLandolt and Koch (2001), and Giorgi et al. (2004) used spatial paradigms but they did not separate trials at each location. In these conditions, their measures reflected a mixture of the potentially different psychometric functions that hold at each of the intervening locations, thus hiding differences across locations that may, in turn, cancel each other out at the pooled level. It is thus worth looking at how the results for data pooled across spatial locations differ from the results at each location that were shown in Fig. 2. Although Fig. 3a suggested that thresholds at the two spatial locations are analogous, note that the threshold obtained by pooling the data across locations is not the average of the thresholds separately obtained at each location, the reason being that pooling the raw data requires fitting the psychometric function anew and, thus, renders a different set of estimated parameters.
Summary relative threshold elevation results from the pooled data are plotted with open circles in Fig. 3c , one symbol per subject. Each circle is in turn connected to the two data points indicating separate results at each individual spatial location for the corresponding subject. Generally, the data point for the pooled responses does not lie midway between the two data points from the segregated response sets, revealing that pooling data that do not belong together may yield reasonable-looking results that are devoid of meaning. In any case, the combined data also corroborate that temporal paradigms yield more facilitation than spatial paradigms: All circles in Fig. 3c lie below the diagonal. At the same time, threshold elevation is significantly different from zero in the temporal paradigm (see the applicable confidence interval on the right of Fig. 3c) but not in the spatial paradigm (see the applicable confidence interval at the top of Fig. 3c ).
Discussion
This experiment has shown that spatial paradigms tend to yield higher thresholds than temporal paradigms, more so when the stimulus configuration includes additional elements (flankers). The particular form of this differential effect further makes it look as if the presence of flankers facilitated target detection more under temporal than under spatial paradigms, and this result (shown in Fig. 3c ) agrees with results reported by Giorgi et al. (2004) .
One reason that spatial 2AFC renders higher thresholds (i.e. lower sensitivity) may lie in the spatial uncertainty associated with this paradigm: Subjects must split resources across space in order to monitor simultaneously two disparate presentation locations. Indeed, several studies have shown that increasing spatial uncertainty as to the presentation location of a target usually raises threshold (Burgess and Ghandeharian, 1984; Cameron et al., 2002; Carrasco et al., 2000; Cohn and Lasley, 1974) . In addition to the inevitable spatial uncertainty associated with this paradigm, the stimulus arrangement in our Experiment 1 represents the farthest distance at which two locations can be set each of which is 4 deg into the periphery. Because two spatial locations that are closer together may be easier to monitor simultaneously, one might surmise that reducing the distance between the two locations for the target would bring the results of spatial and temporal paradigms into closer agreement. To prevent contamination from variations in sensitivity with visual inhomogeneity (Peli et al., 1991; Hess, 1989, 1990) or from variations in lateral interactions with eccentricity (Giorgi et al., 2004) , reducing the distance between the two locations should alter neither the 4-deg eccentricity of each individual location with respect to fixation nor the relative location of the flankers with respect to the target. The stimulus configuration depicted in Fig. 1b served this purpose, and the results of the corresponding experiment are reported next.
RESULTS OF EXPERIMENT 2
Recall from Section 2.2 that, for the spatial paradigm depicted in our Fig. 1b , obtaining the threshold at each location using the appropriate orientation required separate sessions. Figure 4 shows summary results of Experiment 2 in the same format as that of Fig. 3 . Next we describe these results along the lines of Section 3 above, but we omit the stage in which data are pooled across locations because in this experiment the target is not the same at both locations. Figure 4a reveals that, despite the fact that the stimulus has a different orientation at each location -but perhaps because these two orientations are ±45 deg from vertical -the threshold at both locations is similar. The average differences between locations are 0.013 and 0.100 log units in the target alone condition (open circles and dashed segment in Fig. 4a ) and in the target plus flanker condition (solid circles and solid segment in Fig. 4a ), respectively. Neither difference is statistically significant at the 0.05 level, nor is the difference between them. Figure 4b shows that temporal paradigms also yield lower thresholds than spatial paradigms under the conditions of this experiment and that the difference is again larger in the presence of flankers (solid circles and solid segment in Fig. 4b ) than when the target is presented alone (open circles and dashed segment in Fig. 4b ). The average difference in the former condition is −0.239, which is statistically significant (t 7 = −4.370; p < 0.01); the average difference when the target is alone is −0.043, which is non-significant at the 0.05 level. The difference between them is also significant (t 7 = −3.113; p < 0.02). Figure 4c shows the amount of facilitation or impairment exerted by the flankers for each subject at each spatial location as measured with spatial or temporal paradigms. Most data points lie below the diagonal, indicating again that temporal paradigms yield less threshold elevation than spatial paradigms. For the stimulus configuration involved in this experiment, the presence of flankers in temporal paradigms generally produces strong facilitation (negative values on the ordinate), whereas their presence in spatial paradigms can produce facilitation (negative values on the abscissa) or impairment (positive values on the abscissa).
Differences between left and right in the upper hemifield
Differences between spatial and temporal paradigms
Effect of the presence of flankers
Average values and 95% confidence intervals plotted outside the frame of Fig. 4c indicate that spatial paradigms render an average threshold elevation that is not significantly different from zero at either visual field location (symbols and lines at the top of the panel), whereas temporal paradigms result in negative average threshold elevation that is significantly different from zero only in the left upper hemifield (symbols and lines on the right of the panel).
Discussion
By comparison with Experiment 1, bringing the two locations closer in space seems to eliminate the difference that was observed across paradigms in the target alone condition (a difference that was significant in Fig. 3b but is not significant in Fig. 4b ) whereas the difference in the target plus flanker condition remains (a difference that was significant in both Figs 3b and 4b) . At the same time, the overall picture of greater facilitation in temporal than in spatial paradigms also remains.
Despite the fact that the distance between target locations has been reduced by a factor of √ 2 with respect to that used in Experiment 1, one may wonder whether this pattern of results will occur regardless of the particular location in the visual field. The next experiment explores this by rigidly rotating the entire stimulus setup 90 deg clockwise around the fovea to yield the stimulus configuration shown in Fig. 1c , so that target and flanker locations all fall in the right hemifield.
RESULTS OF EXPERIMENT 3
Recall from Section 2.2 that two separate spatial paradigms were required to obtain thresholds at each spatial location with the appropriate target orientation. Figure 5 shows summary results of Experiment 3 in the same format as that of Fig. 4 . We also omit pooling data across locations in this experiment. Yet, because one of the locations and the corresponding local stimulus configuration here is identical to one of those in Experiment 2, in Section 5.4 below we will compare the results obtained at this particular location in each experiment. Figure 5a reveals that thresholds at these locations are similar even though the stimulus used at each location is tilted 45 deg in a different direction from vertical. The average differences in threshold for the target alone (open circles and dashed segment in Fig. 5a ) and in the presence of flankers (solid circles and solid segment in Fig. 5a ) are now 0.012 and 0.080 log units. Neither difference is statistically significant at the 0.05 level, nor is the difference between them. Figure 5b shows that temporal paradigms continue to yield lower thresholds than spatial paradigms under the conditions of this experiment and that the pattern reproduces the results observed in Experiment 2. The difference is larger in the presence of flankers (solid circles and solid segment in Fig. 5b ) than when the target is presented alone (open circles and dashed segment in Fig. 5b ). The average difference in the former condition is −0.351, which is statistically significant (t 7 = −3.344; p < 0.02); the average difference when the target is alone is −0.049, which is non-significant at the 0.05 level; the effect of paradigm is also significantly different in the target alone and the target plus flanker conditions (t 7 = −2.915; p < 0.03). Figure 5c shows the index of threshold elevation for each subject at each spatial location as measured with spatial or temporal paradigms. All data points lie below the diagonal, indicating again that temporal paradigms yield less threshold elevation than spatial paradigms. In this experiment, the presence of flankers in spatial paradigms generally produces strong impairment (positive values on the abscissa), whereas their presence in temporal paradigms is either facilitatory (negative values on the ordinate) or neutral (values around zero on the ordinate).
Differences between upper and lower parts of the right hemifield
Differences between spatial and temporal paradigms
Effect of the presence of flankers
Average values and 95% confidence intervals plotted outside the frame of Fig. 5c indicate that spatial paradigms render positive average threshold elevation that is nevertheless not significantly different from zero at either visual field location (symbols and lines at the top of the panel), whereas temporal paradigms result in negative average threshold elevation that is significantly different from zero only in the lower right hemifield (symbols and lines on the right of the panel). and the lower right hemifield (solid squares). All points are located below the diagonal identity line, indicating that temporal paradigms generally yield more facilitation than spatial paradigms. The symbols and error bars outside the frame at the top (alternatively, right) indicate means and 95% confidence intervals for the corresponding conditions in the spatial (alternatively, temporal) paradigms.
Comparison with similar stimulus configurations in Experiment 2
The stimulus configuration in the upper location in this experiment is identical in all respects (i.e. target and flanker orientations and positions) to the right location in Experiment 2 (see Figs 1b and 1c) . Therefore, thresholds obtained at this particular location with temporal paradigms should be identical (within random error) in both experiments because the different runs involved are all mere repeats. Conversely, there is no strong reason to expect thresholds obtained with spatial paradigms to be similar in both experiments because in these paradigms the need to split resources between competing spatial locations may affect performance differently depending on just what pair of locations has to be monitored, and these differed across Experiments 2 and 3. Figure 6 displays thresholds from Experiment 3 against thresholds from experiment 2 at the common location and separately for temporal and spatial paradigms. In the temporal paradigm (Fig. 6a) , all data points lie tight around the identity line and differences between experiments are non-significant at the 0.05 level, both in the target alone condition and in the target plus flanker condition. In the spatial paradigm (Fig. 6b) , data from the target alone condition are also tightly packed around the diagonal, but data from the condition involving flankers display a broader dispersion, although the differences between experiments are non-significant at the 0.05 level.
In summary, data from temporal paradigms and otherwise identical conditions in Experiments 2 and 3 have the aspect of mere replicates. The same is technically true for data from spatial paradigms and analogous conditions in Experiments 2 and 3, although in this case one important difference remains between the two experiments in what regards the alternative spatial location (see Figs 1b and 1c) . This difference seems to produce a larger spread of data in the target plus flanker condition (solid symbols in Fig. 6b ) than in the target alone condition (open symbols in Fig. 6b ). But we must refrain from trying to test for significant differences in variability with so small a sample.
Discussion
Experiment 3 yields results that are thoroughly analogous to those observed in Experiment 2, so whether one or two cerebral hemispheres are involved does not seem to alter the basic phenomenon that temporal paradigms yield lower thresholds than spatial paradigms. Threshold differences between paradigms continue to be larger in the case of target plus flanker configurations, which further makes it look as if there is more facilitation in the case of temporal paradigms.
GENERAL DISCUSSION
The major finding in this paper is that temporal 2AFC paradigms generally produce lower thresholds than spatial 2AFC paradigms. These threshold differences further vary with the type of stimulus and its position in the visual field or, in other words, thresholds from spatial and temporal 2AFC paradigms do not differ by a fixed and invariant amount. The smallest differences occur when the stimulus configuration is simple (target alone condition) and, among them, the largest (however small) and only significant difference was 0.08 log units in the spatial arrangement of Experiment 1, which implies the largest possible distance between two locations each of which is 4 deg into the periphery. Conversely, differences are much larger and statistically significant when the stimulus configuration is complex (target plus flanker condition): The differences amount to 0.17, 0.24, and 0.35 log units respectively for Experiments 1 to 3. The form of this dependence of threshold on 2AFC paradigm and stimulus complexity creates a picture of larger facilitation when peripheral lateral interactions are measured with temporal paradigms. This differential effect explains conflicting results in the literature on the presence or absence of peripheral facilitation (Giorgi et al., 2004; Polat and Sagi, 1994a; Williams and Hess, 1998; Zenger-Landolt and Koch, 2001) .
We have documented individual differences in that some subjects consistently show facilitation whereas others show impairment (see Figs 3c, 4c, and 5c) . The latter appears less prevalent, explaining why average indices of lateral interactions generally show either facilitation or no effect. Individual differences can also be appreciated in previous papers where individual data have been reported (e.g. Giorgi et al., 2004; Polat and Sagi, 1993; Woods et al., 2002) but they have generally been overlooked. The functional significance of individual differences is yet to be determined.
We have also documented differences across retinal locations when tested with temporal paradigms, differences that were not found when we used spatial paradigms despite taking the precaution of obtaining independent threshold measures at each spatial location in the latter paradigm (see Figs 3c, 4c, and 5c). It could be that temporal paradigms are more sensitive to detect this type of effect, but the effect itself could also be an artifact of temporal paradigms or of the interaction of temporal paradigms with individual differences.
Our finding of differences between thresholds obtained with spatial and temporal 2AFC paradigms demands an investigation into the reasons for these different outcomes. We have already mentioned that spatial and temporal paradigms may involve different attention and memory loads. But it may also be that other peculiarities of these paradigms account for their different outcomes, as discussed next.
Suppose the detection threshold for some target is to be measured at some visual field location. An experimenter may choose to set up a spatial 2AFC paradigm that will bring into play an alternative location in the visual field and, then, the detection threshold at this location will be affected by the noise distribution at that alternative location (which might be different). But the experimenter may as well set up a temporal 2AFC paradigm so that the noise distribution that affects threshold measurements comes from the same location where the threshold is measured. However, in this latter case, mere presentation of the target on the second interval in a trial may alter the effect of the target (or the blank, for that matter) presented on the first interval in the next trial (as a result, for example, of adaptation or temporal masking) if the inter-trial interval is insufficient. Therefore, unwanted effects of different types arise in either spatial or temporal 2AFC, and it is not clear which one is the lesser evil.
Whatever the reasons for the different effects of spatial and temporal paradigms are, our finding reveals that stimulus detection is not a simple passive process whose outcome is determined solely by the amount of energy falling on the retina. Rather, it seems to require the allocation of resources that are limited and cannot be deployed simultaneously at separate spatial locations as effectively as they can be used on a fixed spatial location over time. What these resources are is unclear but our series of experiments indicates that the outcome of their operation varies with the particular spatial locations and stimuli that are involved. Until the underlying processes are elucidated, visual psychophysicists should be aware that the choice of a spatial or a temporal 2AFC paradigm is not without consequences. We have also shown here that lateral interactions in peripheral vision appear to be stronger when tested with a temporal paradigm, but it is unclear whether or not this is the appropriate paradigm to study this phenomenon. to ours with co-oriented targets, reported facilitation when the flankers were crossoriented (as opposed to our conditions in which it was the targets that were crossoriented). Our experiments involving peripheral presentations and a spatial 2AFC paradigm yielded similar amounts of threshold elevation that were not significantly different from zero in either cross-oriented or co-oriented conditions (see the scatter of points around the diagonal identity line in the panels of Fig. A1 , and the means and 95% confidence intervals drawn outside the panels). If anything, the only difference between cross-oriented and co-oriented conditions was that the former appeared to produce less variability in the data (note the smaller vertical spread of the data in the panels of Fig. A1 as compared to their horizontal spread).
APPENDIX B
A logistic psychometric function of log contrast x (x 0) is given by
where γ is the guessing rate and sets a lower asymptote, λ is the lapsing rate and sets an upper asymptote at 1 −λ, T is a location parameter, and b is a slope parameter.
Although γ is usually regarded as a constant valued at 0.5 for 2AFC tasks, when used with data from the spatial paradigm we had to free this parameter for reasons discussed in Section 2.3 and illustrated in Fig. B1 . To eliminate excessive random variability in the left end of the curve, bins were discarded if they did not contain at least 20 responses. Maximum likelihood estimatesλ,b, andT (andγ when Figure B1 . Illustration, with actual data, of how biased an experienced subject can be, and thus the value of regarding γ as a free parameter when fitting the psychometric function. Data and fitted functions reflect the performance of subject #4 in the spatial paradigm of Experiment 2 in which the target was co-oriented with the flankers in the right upper hemifield (that is, the condition depicted in Fig. 1b) . The upper panels represent data segregated by presentation location; data shown in the top left panel were reported in Appendix A, but they were not involved in our comparison of spatial and temporal paradigms because the target was cross-oriented with the flankers; data in the top right panel were used in these comparisons. In both cases, γ was regarded a free parameter when fitting . The lower panel represents aggregated data from the two upper panels, but only to make clear that the overall guessing rate in the whole session is actually 50% (the fitted and threshold estimates in this latter case are meaningless).
appropriate) were obtained with NAG subroutine E04JYF (Numerical Algorithms Group, 1999) , which allows constrained optimization. We implemented the natural constraints thatb > 0 andT < 0 and, following the recommendations of Wichmann and Hill (2001) regarding the upper asymptote, we constrained 0 λ 0.06. When γ was treated as a free parameter, we also constrained 0.1 γ 0.9. As discussed by García-Pérez (1998) and Alcalá-Quintana and García-Pérez (2004a), a convenient reparameterization of replaces the slope parameter b with a spread parameter σ that describes the effective support of , and also replaces the location parameter T with a threshold parameter θ that is directly interpretable as the point (in log units) at which the probability of a correct response is π for arbitrarily chosen π ∈ (γ , 1 − λ). This reparameterization is better accomplished after λ, b, T , and γ have been estimated, and uses the transformationŝ We used π = (1 −λ +γ )/2 so that threshold is defined as the midpoint between the lower and upper asymptotes. This choice for π rendersθ =T .
